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Summary 19
Stress granules are membraneless organelles that form in eukaryotic cells after stress 20 exposure. Stress granules are constituted by a stable core and a dynamic shell that 21 establishes a liquid-liquid phase separation with the surrounding cytosol. The structure and 22 assembly of stress granules and how different components contribute to their formation are 23 not fully understood. Here, using super resolution and expansion microscopy, we find that 24 the stress granule component UBAP2L and the core protein G3BP1 occupy different 25 domains inside stress granules. Since UBAP2L displays typical properties of a core protein, 26 our results indicate that different cores coexist inside the same granule. Consistent with a 27 role as a core protein, UBAP2L is required for stress granule assembly in several stress 28 conditions and reverse genetics show that it acts upstream of G3BP1. We propose a model 29 in which UBAP2L is an essential stress granule nucleator that facilitates G3BP1 core 30 formation and stress granule assembly and growth. 31 
INTRODUCTION 33
Eukaryotic cells have evolved a series of mechanisms to counterbalance external stresses 34 that may pose a threat to their internal homoeostasis. One of these mechanisms is the 35 inhibition of protein translation and the consequent formation of membraneless organelles 36 known as stress granules (Kedersha et al., 2000; reviewed in Mahboubi and Stochaj, 2017;  as previously described (reviewed in Mahboubi and Stochaj, 2017; Panas et al., 2016; 178 Protter and Parker, 2016). Compared to control depleted cells, UBAP2L depletion cause a 179 significant reduction of the percentage of cells displaying G3BP1-positive stress granules 180 ( Fig. 2 C, D) . We observed the same requirement for UBAP2L in arsenite-induced stress 181 granule formation when using antibodies against TIA-1 or USP10 as alternative stress 182 granule markers, excluding that the role of UBAP2L is limited to G3BP1 (Fig. S2 E) . 183 These results show that UBAP2L is a general component of stress granules and it is not 184 only required for arsenite-induced stress granule assembly (Markmiller et al., 2018; Youn et 185 al., 2018) but also for stress granules assembly in other stress conditions, consistent with 186 recent data (Huang et al., 2019) . It is interesting that UBAP2L is required for stress granule 187 assembly in heat-shock conditions. G3BP1 is not required for heat-induced stress granule 188 formation (Kedersha et al., 2016) , suggesting that UBAP2L plays a more general role than 189 G3BP1.
190 191 UBAP2L promotes stress granule assembly upstream of G3BP1. 192 Stress granules cannot form in absence of the proteins G3BP1 and G3BP2 (Kedersha et 193 al., 2016; Matsuki et al., 2013) . To test whether UBAP2L requires G3BP1 and 2 for its 194 localization to stress granules, we co-depleted both G3BP1 and 2 in HeLa K cells (Fig. S3 ). 195 Following UBAP2L depletion, we induced stress granule formation using arsenite and then 196 fixed and stained cells with anti-UBAP2L and anti-G3BP antibodies (Fig 3 A) . Compared to 197 control-depleted cells, the percentage of cells containing UBAP2L positive granules did not 198 significantly change when G3BP1 and 2 were depleted ( Fig. 3 B) , suggesting that G3BP1 199 and 2 are dispensable for stress granules recruitment of UBAP2L. 200 Because of the pitfalls of transient protein depletion, we cannot formally exclude that a small 201 pool of G3BP1 and 2 is sufficient for the formation of UBAP2L positive stress granules. To 202 tackle this problem, we used G3BP1 and 2 knock-out U2OS cells (Fig. 3 C, Kedersha et al., 203 2016) . Immunofluorescence analysis of these cells after arsenite treatment revealed that 204 UBAP2L localizes into cytosolic granules (Fig 3 C, D) , confirming that UBAP2L granule 205 formation is independent of G3BP1 and 2. In both HeLa K and U2OS cell lines the depletion 206 or the knock-out of G3BP1 and 2 result in a reduction of stress granule size compared to 207 control cells ( Fig. E, F) indicating that G3BP1 and 2 are important for stress granule 208 maturation.
209
Our results support a model in which UBAP2L acts upstream of other stress granule 210 nucleators such as G3BP1 and 2. Inhibition of translation after stress does not depend on UBAP2L. 214 Since our results show that UBAP2L is necessary for stress granule assembly in several 215 conditions and acts upstream of G3BP1, we reasoned that the absence of UBAP2L may 216 affect the signaling pathway upstream of stress granule nucleation. Stress granule assembly 217 is a multistep process that requires inhibition of translation and polysome disassembly 218 (reviewed in Mahboubi and Stochaj, 2017; Panas et al., 2016; Protter and Parker, 2016 ). An 219 early step in arsenite-induced stress granule assembly is the phosphorylation of the 220 elongation factor eIF2α (Eukaryotic Initiation Factor 2 α) on Serine 51. To assess whether 221 UBAP2L contributes to eIF2α phosphorylation in stress conditions, we depleted UBAP2L 222 and exposed the cells to arsenite. Western blot using an antibody directed against pS51-223 eIF2α revealed no difference between cell lysates depleted for UBAP2L and control ( Fig. 4 224 A), indicating that UBAP2L it is not required for eIF2α phosphorylation after stress.
225
Next, we asked whether cells depleted for UBAP2L efficiently inhibit translation after stress.
226
To answer this question, we used a puromycilation assay; as puromycin covalently binds to 227 nascent peptides, puromycin incorporation can be used as a readout for the rate of 228 translation (Azzam and Algranati, 1973; Goodman et al., 2012; Schmidt et al., 2009) .
229
Western blot analysis with an anti-puromycin antibody revealed that arsenite treatment 230 strongly reduces puromycin incorporation in both control and UBAP2L depleted cells ( Fig. 4 231 B), indicating that UBAP2L is not required for arsenite induced translation inhibition.
232
Following translation inhibition, a crucial step in stress granule formation is the disassembly 233 of polysomes. Drug treatments stabilizing polysomes, such as cycloheximide, inhibit stress 234 granule formation (Bounedjah et al., 2014; Buchan et al., 2011; Kedersha et al., 2000; 235 Mokas et al., 2009). Since we did not detect a role of UBAP2L in arsenite induced translation 236 inhibition, we investigated the requirement of UBAP2L in polysome disassembly. To this 237 end, we developed an assay to follow polysome disassembly in live cell imaging, using a 238 previously published polysome reporter cell line (Pichon et al., 2016) . Following siRNAs 239 transfection, HeLa cells containing a fluorescent polysome reporter were treated with 240 arsenite and imaged for 30 minutes. Counting the number of polysomes over time, we found 241 that polysomes disappeared ≈15 minutes after the addition of stress in control depleted cells 242 ( Fig. 4 C) . As a positive control, we compared arsenite-treated cells with cells treated with 243 both arsenite and cycloheximide (CHX). Cells receiving this double treatment displayed only 244 a modest rate of polysome decay, compared with cells receiving arsenite alone, indicating 245 that our assay efficiently detects a polysome disassembly defect in vivo (Fig. 4 C) . Similar 246 to control depleted cells, UBAP2L depletion did not prevent arsenite-induced polysome 247 disassembly (p=0.4692 for siUBAP2L #1 and p=0.4544 for siUBAP2L #2, two-way ANOVA 248 and Dunnett's multiple comparison). This result suggests that UBAP2L is not required for 249 polysome disassembly following an arsenite treatment.
250
An early event in stress granule formation is the coalescence of PICs in stress granule cores 251 (reviewed in Panas et al., 2016) . UBAP2L could potentially act upstream of this process, 252 constituting the first stress granule seed. To test this hypothesis, we stressed HeLa cells 253 with arsenite alone or a combination of arsenite and cycloheximide. We then fixed and 254 stained the cells with anti-UBAP2L and anti-G3BP antibodies. Following arsenite treatment, shows that UBAP2L cannot nucleate stress granules before polysome disassembly and 259 polysome-derived PIC formation.
260
These data together show that UBAP2L recruitment to stress granules depends on 261 polysome derived PICs but it is independent of other stress granule nucleators. The inner structure of stress granules and several aspects of the pathway leading to stress 265 granule formation remain controversial. Here, we investigated the stress granule protein 266 UBAP2L and found that it behaves as a stress granule core component, yet it does not 267 colocalize with G3BP1 cores. We showed that recruitment of UBAP2L to stress granules 268 requires polysome disassembly but is independent of G3BP1, suggesting that UBAP2L 269 coalescence precedes G3BP1 recruitment to stress granules.
270
Our data are not contradictory with the proposed function of G3BP1 and 2 as essential stress 271 granule nucleators (Kedersha et al., 2016; Matsuki et al., 2013) . Albeit G3BP1 and 2 are not 272 required for the formation of UBAP2L positive stress granules, they are important to recruit 273 other components and to form a mature stress granule (Kedersha et al., 2016; Matsuki et 274 al., 2013) . In agreement, we observed a decrease in UBAP2L granule size after G3BP1 and 275 2 depletion ( Fig. 3 E, F). The absence of both G3BP1 and 2 results in UBAP2L positive 276 stress granule of similar size in HeLa K (0.196 ± 0.100 µm 2 ) and U2OS cells (0.283 ± 0.169 277 µm 2 ; Mean ± SD), suggesting that stress granule may have a lower size limit. These 278 measurements are too close to the diffraction limit of our experiment to be conclusive. 279 Nevertheless, one can speculate that in absence of G3BP1 and 2, only isolated UBAP2L 280 cores assemble, suggesting that, in normal conditions, UBAP2L cores come first in stress 281 granules nucleation, whereas G3BP1 cores are required later for stress granules maturation Altogether, our results provide evidence that core particles of different nature coexist in the 286 same stress granule. We propose a model in which both G3BP1 and UBAP2L bind stalled 287 preinitiation complexes, but they contribute differently to stress granule assembly ( Fig. 4 F) .
288
UBAP2L acts upstream of G3BP1, preceding the formation and/or the recruitment of G3BP1 289 cores inside the stress granules. An intriguing possibility is that UBAP2L and G3BP1 290 particles reflect distinct pools of preinitiation complexes, possibly linked to different mRNA 291 species. Further work is needed to test these hypotheses and develop a comprehensive 292 model of stress granule nucleation. Other stress granule components, such as PABP1 and 293 mRNAs, form a core-like pattern inside stress granules suggesting that even more core 294 species exist (Jain et al., 2016; Souquere et al., 2009; Wheeler et al., 2016) .
295
The role of UBAP2L in stress granule nucleation is of interest from a clinical perspective.
296
Several stress granule proteins contribute to neurodegenerative disorders such as option that is worth further investigation.
317
In conclusion, our results show that UBAP2L is a core component of stress granules and is 318 a crucial regulator of stress granule assembly in many stress conditions. UBAP2L may 319 therefore represent an attractive therapeutic target for the treatment of neurodegenerative 320 diseases and cancer. Table   334   Table S1 335 336 instructions (Invitrogen). The following target sequences were used (Dharmacon):
Contact for Reagent and Resource Sharing
362 • 5'-GCAAUAGCAGCGGCAAUACGUdTdT-3' (siUBAP2L #1), 363 • 5'-CAACACAGCAGCACGUUAUdTdT-3' (siUBAP2L #2), 364 • 5'-CUUACAACGUCGACCGCAAdTdT-3' (simScarlet), 365 • 5'-ACAUUUAGAGGAGCCUGUUGCUGAAdTdT -3'(siG3BP1), 366 • 5'-GAAUAAAGCUCCGGAAUAUdTdT-3' (siG3BP2),
367
• 5'-GGACCUGGAGGUCUGCUGUdTdT-3'(siCTR).
368
In codepletion experiments ( Fig. 3 A, B , E) a total of 40 nM siRNA was used: in the single 369 depletions 20 nM siG3BP1 or 2 were mixed with 20 nM siCTR to account for siRNA 370 competition. In all the experiments a 48-hours siRNA treatment was performed.
371
For ER stress (Fig. 2) , HeLa K were treated with 2 mM Dithiothreitol (DTT, Sigma) diluted 372 into culture medium for 30 minutes at 37°C. For Proteasome Inhibition (Fig. 2) , HeLa K were 373 treated with 10 µM MG132 (Sigma) diluted into culture medium at 37°C. For heat shock ( Fig.   374 2), HeLa K were transferred to L-15 medium and incubated for 3 hours at 37°C, then the 375 temperature was increased at 42°C for 60 minutes. For mitochondrial stress (Fig. 2) , HeLa including 2 GaAsp for detection. Except for Fig. 1, Fig. 2 B and Fig S2 B, all For 3D-STED imaging (Fig 1 A) , stress granules were imaged in 3D using a 7% 635 nm 471 laser and depletion was performed with 15% 775 nm laser, with 15% laser power in 3D 472 STED. Imaging was performed with 4X line averaging and ≈20 nm pixel size. 3D stacks 473 were acquired with a step size of 100 nm. For 2D-STED dual color (Fig. 1 E) stress granules 474 were imaged in 2D using a 7% 635 nm excitation laser + 15% 775 nm depletion laser, 475 followed by a 10% 488 nm excitation laser + 15% 592 nm depletion laser. Imaging was 476 performed with 4X line averaging and ≈20 nm pixel size. Images were deconvolved using 477 Huygens (Scientific Volume Imaging). binding was performed at 37 °C for 3 h. Gels were then washed in 0.1% Tween 20 PBS 496 three times for 10 min at RT. The same steps were repeated for secondary antibodies.
497
Finally, gels were placed in ddH2O. Water was exchanged three times every 30 min, and 498 then gels were incubated in ddH2O overnight.
499
For imaging, a piece of gel was mounted in a 2-well IBIDI plate coated with poly-L-lysine 500 (Sigma). Confocal microscopy was performed using an A1r spectral confocal microscope 501 (Nikon) equipped with a 60× 1.4 NA CFI Plan Apochromat Lambda oil objective and 4 PMTS 502 including 2 GaAsp for detection. 3D z-stacks at 100 nm steps were acquired with a pixel 503 size of 50 nm. Images were deconvolved using Huygens. In Fig. 1 B and Fig. S1 A particle diameters was measured using Imaris 9.2 (Bitplane) and 526 data were analyzed with Python 3.7.0 and the libraries "pandas", "matplotlib.pyplot" and 527 "numpy". Particles below 0.06 µm were excluded from the analysis (8.75 % of the G3BP1 528 particles, 4.87 % of the UBAP2L particles). n= 857 particles (44 stress granules, 38 cells) 529 for G3BP, n= 904 particles (84 stress granules, 67 cells) for UBAP2L.
530
In Fig. 1 F, I line profiles were calculated for both channels drawing a line on a stress granule 531 and using FiJi "Plot Profile" function. The pixel by pixel gray value was normalized on the 532 average grey value of all pixels in the line. Data were analyzed with Prism 8. In Fig. 1 G the 533 3D surface of the stress granules particles was computed using Imaris 9.2.
534
To quantify stress granule areas in Fig. 3 E, F In Fig. 1D and Fig. S1 G, H , the bleached stress granule was tracked using Imaris 9.2 and 541 the mean grey intensity over time was measured (FI). In parallel, the total fluorescence of 542 the image (FItot). After background subtraction the data were normalized as follows to 543 account for photobleaching and fluorophores loss: In 2D STED and Expansion microscopy ( Fig. 1 E, H) Pearson's Correlation Coefficient was 555 measured using Imaris 9.2. n= 20 stress granules from 11 cells (2D STED), n=28 stress 556 granules from 7 cells (U-ExM).
557
For the cross-correlation analysis of the distributions of UBAP2L and G3BP1 (Fig. 2 B the magnification of the ROI split into two channels: UBAP2L (Cyan) and G3BP (Magenta).
848
The graph corresponds to the normalized pixel-by-pixel gray value of the two images above. 
